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The binding of viruses to host cells is the first step in determining tropism and pathogenicity. While avian 
infectious bronchitis coronavirus (IBV) infection and avian influenza A virus (IAV) infection both depend on 
a2,3-linked sialic acids, the host tropism of IBV is restricted compared to that of IAV. Here we investigated whether 
the interaction between the viral attachment proteins and the host could explain these differences by using 
recombinant spike domains (S1) of IBV strains with different pathogenicities, as well as the hemagglutinin (HA) 
protein of IAV H5N1. Protein histochemistry showed that S1 of IBV strain M41 and HA of IAV subtype H5N1 
displayed sialic acid-dependent binding to chicken respiratory tract tissue. However, while HA bound with high 
avidity to a broad range of «2,3-linked sialylated glycans, M41 S1 recognized only one particular «2,3-linked 
disialoside in a glycan array. When comparing the binding of recombinant IBV S1 proteins derived from IBV strains 
with known differences in tissue tropism and pathogenicity, we observed that while M41 S1 displayed binding to cilia 
and goblet cells of the chicken respiratory tract, S1 derived from the vaccine strain H120 or the nonvirulent 
Beaudette strain had reduced or no binding to chicken tissues, respectively, in agreement with the reduced abilities 
of these viruses to replicate in vivo. While the S1 protein derived from the nephropathogenic IBV strain B1648 also 
hardly displayed binding to respiratory tract cells, distinct binding to kidney cells was observed, but only after the 
removal of sialic acid from S1. In conclusion, our data demonstrate that the attachment patterns of the IBV S 


proteins correlate with the tropisms and pathogenicities of the corresponding viruses. 


The binding of a virus to the host cell is the first step in 
determining tissue and host specificity and, ultimately, patho- 
genicity. While some viruses, such as influenza A virus (IAV), 
bind to relatively abundant and universal host factors and may 
therefore infect various host species, other viruses have a more 
restricted repertoire of susceptible hosts, limited by their re- 
quirement for specific virus receptors on host cells. In general, 
coronaviruses, which cause respiratory and/or intestinal infec- 
tions in either avian or mammalian species, are examples of 
viruses with a narrow host tropism. 

Coronaviruses are enveloped, positive-strand RNA viruses 
of both human and veterinary importance. Infectious bronchi- 
tis virus (IBV) is the prototype avian coronavirus, belonging to 
the genus Gammacoronavirus. IBV infections are restricted to 
domestic fowl (predominantly chickens [Gallus gallus]), caus- 
ing a highly contagious respiratory disease with huge economic 
impact. Many IBV genotypes and serotypes, which differ ex- 
tensively in their pathogenicities for poultry, are circulating 
worldwide (reviewed in reference 15). The initial target of IBV 
is the epithelial surface of the respiratory tract, but IBV also 
infects several nonrespiratory tissues, such as the gastrointes- 
tinal tract, the oviduct, and the kidney. Infection of the enteric 
tissues is usually not associated with clinical signs, while repli- 
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cation in the kidney might cause nephropathogenicity depend- 
ing on the IBV strain (reviewed in reference 15). Thus, while 
the IBV host tropism is restricted to chickens, the cell and 
tissue tropism in chickens differs greatly between different IBV 
strains. 

The coronaviral envelope contains the major attachment 
spike (S) protein, the membrane (M) protein, and the minor 
envelope (E) protein (reviewed in reference 60). The spikes, 
consisting of trimers of S proteins (21), are required for at- 
tachment to cells and subsequent fusion of the viral and cel- 
lular membranes. The S protein is thus largely responsible for 
cell and host tropism. In agreement with this, it has been shown 
for many coronaviruses (31, 42, 54), including IBV (13), that 
replacement of the S ectodomain by that of another coronavi- 
rus results in viruses with the in vitro cell preference of the 
donor spike. Many, though not all, S glycoproteins are cleaved 
during synthesis into two subunits, the N-terminal $1 and the 
C-terminal $2 subunit (17, 36, 71). While S1 attaches the virion to 
the cell membrane by interacting with cell receptors, S2 is respon- 
sible for membrane fusion (12). For IBV, the receptor-binding 
domain has not yet been mapped, but as in other coronaviruses 
(29, 43, 65, 70), the cell binding determinants likely reside in the 
S1 subunit. Furthermore, the $1 domain is the main inducer of 
neutralizing antibodies and protective immune responses, and it 
displays a high level of variation (5 to 50%) between IBV strains 
(15, 16, 35, 37, 38, 59). 

In general, the requirement for specific virus receptors on 
host cells restricts the coronaviral host repertoire. For many 
coronaviruses, but not for IBV, specific protein receptors have 
been elucidated. For IBV, attachment to and infection of host 
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cells, both cultured cells (69) and ex vivo tracheal organ cul- 
tures (TOCs) (68), has been shown to depend on «2,3-linked 
sialic acid (a2,3-sia) (55). Only for IBV Beaudette, a strain 
with an extended host range in cell culture after serial passage 
in eggs (46, 50), has an additional host attachment factor, 
heparan sulfate, been resolved (46). However, since this strain 
has lost its ability to replicate in chickens (28, 33), the rele- 
vance of this host factor in vivo can be questioned. Because 
«2,3-sia is abundantly present in many different animal species, 
other, yet unknown determinants likely restrict the IBV host 
tropism. IBV may require a yet unidentified second receptor or 
another host factor in addition to «2,3-sia in order to enter 
cells. Alternatively, IBV may bind only to a very specific subset 
of «2,3-sialylated glycans, present only in chickens. Either way, 
IBV strain-dependent differences in tissue tropism might be 
explained by different preferences of the S proteins for «2,3- 
sia-containing glycans. 

Since the binding of the IBV spike protein to host cells likely 
plays an important role in determining host and tissue tropism 
and thus the outcome of the infection, it is of particular interest 
to elucidate the characteristics of this interaction. To study 
these interactions, we decided to generate recombinant spike 
proteins, because most IBV strains are very limited in their 
ability to grow in cell culture and acquire genomic mutations 
rapidly as a result of cell culture adaptation (24). A similar 
recombinant protein approach has recently been taken to de- 
termine the receptor binding properties of hemagglutinin 
(HA) proteins of IAVs (23). Since both IBV and avian IAV are 
known to bind to «2,3-sialylated glycans, we first compared the 
interactions of recombinant S1 and HA proteins with avian 
tissues and glycans. In agreement with their different tropisms, 
the attachment proteins of IBV and IAV differed dramatically 
in avidity and specificity. Next, we analyzed the receptor bind- 
ing of S proteins derived from IBV strains with reported dif- 
ferences in pathogenicity. Using histochemistry and glycan ar- 
ray analyses, we showed that the binding of these viral proteins 
correlates with their tissue tropisms and reflects the pathoge- 
nicities of these viruses in vivo. 


MATERIALS AND METHODS 


Genes and expression vectors. Gene sequences for IBV strains M41 (GenBank 
accession number AY851295), Beaudette CK (accession number AJ311317), H120 
(accession number FJ888351), and B1648 (accession number X87238) were ob- 
tained from the National Center for Biotechnology Information (NCBI) 
GenBank (http://www.ncbi.nlm.nih.gov/genbank/). Human codon-optimized se- 
quences of the S1-encoding domains (initiating directly downstream of the signal 
sequence and terminating at the furin cleavage site [amino acids {aa} 19 to 532 
for IBV M41, IBV Beaudette, and IBV H120; aa 19 to 536 for IBV B1648]) were 
synthesized (GenScript) and cloned into the pCD5 vector (73). The S1 genes 
were preceded by a sequence encoding an N-terminal CDS signal peptide and 
were followed by sequences encoding a C-terminal artificial GCN4 trimerization 
domain (RMKQIEDKIEEIESKOKKIENEIARIKKLVPRGSLE) (32) and 
Strep-tag Il (WSHPOFEK; IBA GmbH) for affinity purification. An amino acid 
alignment of the IBV S1 domains was generated by neighbor-joining phylogeny 
(see Fig. 5A). The cloning of HS (NCBI accession number ABW90137.1) from 
avian influenza virus HSN1 into pCD5 has been described previously (20). 

Protein expression and purification. The pCD5 expression vectors containing 
the $1 domain-encoding sequences were transfected into HEK293T cells as 
described previously (11, 22). Tissue culture supernatants were harvested 7 days 
posttransfection. The S1 proteins were purified using Strep-Tactin Sepharose 
beads according to the manufacturer’s instructions (IBA GmbH). Similarly pu- 
tified culture supernatants of HEK293T cells transfected with a pCD5 plasmid 
lacking the S1 coding sequence served as negative controls. Where indicated, S1 
proteins bound to Strep-Tactin beads were treated with Vibrio cholerae neur- 
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aminidase (VCNA) (2 U/ml; Roche) for 3 h at 37°C, followed by three washing 
steps prior to the elution of the protein from the beads. The concentrations of 
the proteins were determined using the NanoDrop 1000 spectrophotometer 
(Thermo Fisher Scientific Inc.) and were confirmed by Western blotting. H5 of 
avian influenza virus HSN1 was expressed and purified similarly (20). 

Western blotting. The expression and purification of the IBV S1 and IAV 
HS5N1 HA proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) followed by Western blotting using the horserad- 
ish peroxidase (HRPO)-conjugated Strep-Tactin antibody (IBA GmbH). Where 
indicated, the S1 proteins were treated with peptide:N-glycosidase F (PNGase F; 
New England Biolabs Inc.) prior to electrophoresis according to the manufac- 
turer’s procedures in order to remove N-linked oligosaccharides. 

Solid-phase assay. The binding of IBV S1 and IAV H5N1 HA was assessed by 
a fetuin binding assay. For this purpose, 100 j.g/ml fetuin per well was used to coat 
96-well Nunc MaxiSorp plates (Nalge Nunc International). Recombinant $1 or HA 
was precomplexed with an HRPO-linked anti-Strep-tag antibody (molar ratio, 2:1) 
for 30 min at 0°C prior to overnight incubation of limiting dilutions on the fetuin- 
coated plates. Binding was subsequently detected using a tetramethylbenzidine 
(TMB) substrate (BioFX) in an enzyme-linked immunosorbent assay (ELISA) 
reader (EL-808; Bio-Tek) by reading the optical density (OD) at 450 nm. 

Spike and HA histochemistry. Formalin-fixed, paraffin-embedded tissues from 
a 6-week-old male broiler chicken and from a male barnacle goose (Branta 
leucopsis) were sectioned at a thickness of 4 um. Tissue sections were deparaf- 
finized and rehydrated, and antigens were retrieved by boiling in 10 mM sodium 
citrate (pH 6.0) for 10 min. Endogenous peroxidase was inactivated by 1% 
hydrogen peroxide in methanol for 30 min at room temperature (RT), and after 
washing with phosphate-buffered saline (PBS)-0.1% Tween (TPBS), the slides 
were blocked with 10% normal goat serum for 30 min at RT. To detect the 
binding of S1 protein to avian tissues, proteins (S1 at 100 g/ml and HS at 2 
g/ml) were precomplexed with Strep-Tactin-HRPO (1:200, IBA GmbH) for 30 
min on ice before being applied to slides. After overnight incubation at 4°C, the 
slides were rinsed three times in PBS, and binding was visualized with 3-amino- 
9-ethyl-carbazole (AEC; Sigma-Aldrich). The tissues were counterstained with 
hematoxylin and were mounted with AquaMount (Merck). To check for non- 
specific staining, slides were incubated with comparable volumes of similarly 
purified culture supernatants of HEK293T cells transfected with a pCDS plasmid 
lacking the viral protein-encoding sequences. Images were captured using a 
charge-coupled device (CCD) camera and an Olympus BX41 microscope linked 
to Cell*B imaging software (Soft Imaging Solutions GmbH, Miinster, Germany). 

Where indicated, sialic acids were removed from the tissues by incubation of 
the slides with 1 mU VCNA for 20 h at 37°C before spike histochemistry was 
performed. 

The ability of Maackia amurensis lectins (MAA lectins) to block the binding of 
S1 to tissues was studied by preincubating the slides with a range of concentra- 
tions (8 to 256 pg/ml) of nonconjugated MAAT and MAAII (Vector Laborato- 
ries Inc.) overnight at 4°C prior to performing spike histochemistry. 

Lectin histochemistry. MAA lectins were used to detect «2,3-linked sialic 
acids. Biotin-labeled MAAI and MAAII (Vector Laboratories Inc.) were applied 
to formalin-fixed, paraffin-embedded tissues after antigen retrieval and endoge- 
nous peroxidase blocking as described under “Spike and HA histochemistry” 
above. After blocking with 10% normal goat serum for 30 min at RT, lectins were 
applied to the slides at 7 g/ml and were incubated overnight at 4°C. Next, the 
slides were washed three times in TPBS and were subsequently incubated with 
peroxidase-conjugated avidin for 30 min using the Vector ABC kit (Vector 
Laboratories Inc.). Peroxidase was revealed with AEC (Sigma-Aldrich), and 
after counterstaining with hematoxylin, the tissues were mounted with Aqua- 
Mount (Merck). Images were captured using a CCD camera and an Olympus 
BX41 microscope linked to Cell*B imaging software (Soft Imaging Solutions 
GmbH). 

Glycan array analysis. Microarray printing has been described previously (9). 
Printed slides of the Consortium for Functional Glycomics (CFG) glycan library 
(CDC versions 4.1 and 4.2) (see Table S1 in the supplemental material for the 
glycans represented) were used in these experiments. Ligand profiling of IBV S1 
proteins and IAV H5N1 HA was performed essentially as reported elsewhere 
(62). Briefly, recombinant proteins (200 pg/ml) were precomplexed with an 
HRPO-linked anti-Strep-tag antibody (molar ratio, 2:1) for 30 min at 0°C prior to 
incubation for 60 min on the microarray slide under a microscope cover glass in 
a humidified chamber at RT. Microarray slides were subsequently washed by 
successive rinses in TPBS and were overlaid with an Alexa Fluor 488-coupled 
secondary antibody. After repeated washes with TPBS, PBS, and deionized 
water, the slides were immediately subjected to imaging (9). 
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RESULTS 


Expression, purification, and biological activity of IBV M41 
S1 and IAV H5N1 HA proteins. Receptor binding properties 
can be successfully studied using a recombinant protein ap- 
proach, as has recently been demonstrated for the hemagglu- 
tinin (HA) of influenza A virus strains (23). To investigate the 
interactions between IBV and the host, we took a similar 
approach by cloning the codon-optimized sequence of the S1 
gene of the virulent Massachusetts reference strain M41 (14) 
into a pCDS5 expression vector, where it was preceded by the 
CDS signal peptide and followed by sequences encoding 
the GCN4 trimerization domain and Strep-tag II (Fig. 1A). The 
proteins were expressed by transfection of human HEK293T 
cells, and proteins secreted into the medium were purified 
using Strep-tag technology (IBA GmbH, Miinster, Germany). 
In parallel, we expressed and purified the HA glycoprotein of 
the highly pathogenic avian influenza virus HSN1 subtype in a 
manner similar to that described previously (20). The resulting 
proteins were analyzed by Western blotting using the Strep- 
Tactin antibody either before or after PNGase F treatment. 
M41 S1 migrated around 105 kDa on an SDS-PAGE gel (Fig. 
1B), and removal of the N-linked glycans with PNGase F 
increased the electrophoretic mobility of S1 to around 70 kDa. 
Thus, the S1 proteins are highly glycosylated, as expected (71). 
The recombinant HA protein was also glycosylated; it migrated 
at around 60 kDa after removal of its N-linked glycans. The 
oligomeric states of HA and S1 were confirmed by blue native 
PAGE analysis and gel filtration column chromatography 
(data not shown) (20). In conclusion, soluble oligomeric gly- 
cosylated IBV S1 proteins can be expressed and purified as 
previously described for HA. 

To compare the biological activity of M41 S1 with that of 
HA, we determined the ability of S1 to bind to sialylated 
glycans present on bovine fetuin, a blood glycoprotein that 
contains both N-linked and O-linked sialylated glycan side 
chains. Fetuin has been shown to provide a good substrate for 
analysis of the receptor binding properties, and hence the 
tropism determinants, of various influenza virus HA proteins 
(23). Recombinant HA and S1 were precomplexed with an 
anti-Strep-tag antibody, as described in Materials and Meth- 
ods, before a solid-phase binding assay was performed. To our 
surprise, no binding of M41 S1 was detected, in contrast to HA, 
which displayed concentration-dependent binding to fetuin 
(Fig. 1C). It is likely that either sialylated glycan side chains 
present on the fetuin are not recognized by the spike of IBV or 
the avidity of S1 for fetuin is below the detection level. Com- 
parable results were obtained when we investigated binding to 
glycophorin, another blood protein containing mainly O-linked 
sialylated glycans (data not shown). 

Next, we decided to investigate the binding characteristics of 
these proteins with more natural substrates. To this end, we 
used tissues of the chicken respiratory tract, the primary target 
organ of both IBV and avian influenza virus. Slides were pre- 
pared from formalin-fixed, paraffin embedded trachea and 
lung tissues from a 6-week-old broiler chicken. In histochem- 
istry, we applied the soluble recombinant S1 and HA proteins 
after precomplexing them with HRPO-linked Strep-Tactin. For 
M41 S1, binding to both the chicken trachea and lung could 
readily be observed. In particular, M41 S1 bound to the base of 
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FIG. 1. Expression of recombinant IBV S1 and H5N1 HA proteins. 
(A) Schematic representation of the $1 and HA expression cassettes. 
The S1 or HA ectodomain-encoding sequences were cloned in frame 
with DNA sequences coding for a signal sequence (ss), the GCN4 
isoleucine zipper trimerization motif, and Strep-tag Il (ST) under the 
control of a cytomegalovirus (CMV) promoter. (B) S1 proteins ex- 
pressed in HEK293T cells and purified from the culture medium were 
analyzed by SDS-PAGE followed by Western blotting using Strep- 
Tactin. Where indicated, the samples were treated with PNGase F 
prior to electrophoresis. (C) Fetuin binding was analyzed by a solid- 
phase binding assay as described in Materials and Methods. The graph 
shows the results of an independent experiment performed in tripli- 
cate. (D) Spike and HA histochemistry was performed by incubating 
chicken trachea and lung tissues with Strep-Tactin-precomplexed M41 
S1 (5 wg) or HSN1 HA (0.1 jg) as described in Materials and Meth- 
ods. Binding is indicated by arrowheads. 


the cilia of the epithelial cells lining the surface of the trachea, 
as well as to the mucus-producing goblet cells (Fig. 1D). In the 
chicken lung, M41 S1 attached specifically to parabronchial 
epithelial cells (Fig. 1D). The cells to which S1 bound were 
previously reported to be sensitive to IBV (1, 68) and corre- 
sponded to the pathological lesions observed after IBV infec- 
tion in vivo (1, 6, 7), indicating that the binding of S1 was 
specific. No staining was observed when the tissue slides were 
incubated with similarly purified culture supernatants of cells 
transfected with an empty vector (data not shown). The bind- 
ing specificity of HA for the chicken trachea and lung closely 
resembled that of M41 S1 (Fig. 1D), while additional binding 
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of HA to the tips of the cilia of the tracheal epithelium was 
observed. Interestingly, the amount of HA protein required for 
binding in histochemistry was considerably less than the 
amount of M41 S1 required (0.1 and 5 yg per section, respec- 
tively), in agreement with previously reported data on the 
binding of influenza virus and IBV to TOCs (69). When HA 
proteins expressed in a cell line lacking the ability to generate 
sialylated N-glycans (thereby more closely resembling the gly- 
cosylation state of virion-associated HA in the presence of 
neuraminidase) were applied, the avidity of HA for tissues 
increased further (data not shown) (22). In conclusion, recom- 
binant soluble protein histochemistry provides an attractive 
means to study the binding characteristics of viral attachment 
proteins. Furthermore, our data show that the IBV S1 protein 
is functional and that the lack of detectable binding of M41 S1 
in the fetuin solid-phase assay (Fig. 1C) might be due to low 
avidity for this substrate. 

Viral protein specificity for sialic acids of the chicken respi- 
ratory tract. For both IBV and avian IAV, it is known that 
a2,3-sialylated glycans on host cells play a role in virus infec- 
tion. To investigate the contribution of «2,3-sia to the attach- 
ment of M41 S1 and IAV HA to the chicken respiratory tract, 
we pretreated the tissue slides with Vibrio cholerae neuramin- 
idase (VCNA) to cleave off tissue-bound «2,3-sia before per- 
forming histochemistry. The binding of M41 S1 to chicken 
trachea and lung tissues was completely abolished after VCNA 
treatment (Fig. 2A), indicating that M41 S1 requires sialic 
acids as host factors for attachment to the chicken respiratory 
tract. For HA, a marked reduction of staining of the trachea 
and the air capillaries of the lung (Fig. 2A) was observed. HA 
binding could not, however, be completely prevented, likely 
due to incomplete removal of sia in combination with the high 
avidity of HA for the chicken respiratory tract. 

We next compared the attachment patterns of the viral pro- 
teins with those of Maackia amurensis lectins (MAA lectins) 
detecting «2,3-sia. Because differences in tissue distribution 
have been observed for different isoforms of MAA lectins (49), 
we used both biotinylated MAAT and MAATI in our study. For 
MAAT, binding to the cilia of the epithelial cell layer, as well as 
weak binding to the mucus-producing goblet cells of the tra- 
chea, was observed, while MAAII had a more profound avidity 
for tracheal goblet cells (Fig. 2B). Clear differences in the 
binding of MAAT and MAAII to the lower respiratory tract 
were observed. While MAAT preferentially bound to the para- 
bronchial epithelium, MAAII rather bound to connective tis- 
sue within the chicken lung (Fig. 2B). Therefore, the binding of 
MAAT to the chicken respiratory tract more closely resembled 
that of M41 S1 and IAV HA. 

Finally, we investigated the ability of MAAT to block the 
binding of M41 S1 to the chicken respiratory tract by preincu- 
bating tissue slides with nonbiotinylated MAAT. M41 S1 bind- 
ing to the trachea and lung could be completely blocked using 
64 pg/ml of MAAT (Table 1). Interestingly, lower concentra- 
tions of MAAT blocked M41 S1 attachment only to the goblet 
cells, not to the epithelial cells of the trachea. In the lung, 8 
ug/ml MAAT was already sufficient to completely block M41 
S1 binding. Taken together, these data show that IBV M41 S1, 
just like avian IAV HA (22), binds to chicken tissue in an 
a2,3-sia dependent manner and functions as a lectin. 
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FIG. 2. Histochemistry of the spike protein and lectins on chicken 
respiratory tract tissues. (A) Chicken respiratory tract tissue slides 
were pretreated with PBS alone (~VCNA) or PBS with VCNA 
(+VCNA) before spike and HA histochemistry was performed. 
(B) Lectin histochemistry was performed by incubating chicken tra- 
chea or lung tissue slides with biotinylated lectin MAAI or MAAII. 
Binding is indicated by arrowheads. 


Host-specific binding of IBV M41 S1 and H5N1 IAV HA. 
IBV and IAV both prefer binding to «2,3-linked sialic acids; 
however, their host tropisms differ markedly. While IBV in- 
fection is restricted to domestic fowl, IAV infections can occur 
in many different species. To investigate whether the reported 
differences in the host tropisms of these viruses might be ex- 
plained by species-specific binding to the respiratory tract, we 
compared the attachment of M41 S1 and IAV HA to the 
respiratory tract of a barnacle goose. By histochemistry, we 
observed that M41 S1 was able to bind to goblet cells and 
mucus covering the epithelium of the goose trachea; however, 
no specific binding to the cilia of the epithelial cells was ob- 
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TABLE 1. Blocking of M41 S1 binding to chicken respiratory 
tract tissues* 


Tissue(s) to which M41 S1 (5 pg/ml) bound in the presence 


Tissue type of MAAT at the following concn (j:g/ml)?: 


0 8 16 32 64 
Trachea Goblet cells/cilia Cilia Cilia Cilia — 
Lung Epithelium 


* Tissue slides were preincubated with various concentrations of nonbiotiny- 
lated MAAT lectin before the application of Strep-Tactin-precomplexed M41 S1. 
No binding was observed in the presence of 64 pg/ml MAAT. 

b__ no binding. 


served (Fig. 3). In the lung, no binding of M41 S1 to the goose 
parabronchial epithelium was detected (Fig. 3), in contrast to 
what was observed for the chicken lung (Fig. 1D), although some 
staining of the goose primary bronchus could be observed (not 
shown). In contrast, HA was able to bind with high avidity to both 
the cilia and the goblet cells of the goose trachea and to the 
epithelium of primary and secondary bronchi and parabronchi. 
Taken together, our data suggest that the inability of IBV M41 to 
infect a goose can (at least partly) be explained by the restricted 
binding of the spike proteins to the goose respiratory epithelial 
cells. 

Fine glycan specificity of M41 S1 and H5N1 HA. To eluci- 
date the fine receptor specificity of M41 S1, we next characterized 
its oligosaccharide binding specificity by performing glycan array 
analysis (in collaboration with the Consortium for Functional 
Glycomics _ [http:/Avww.functionalglycomics.org/static/index.shtml]). 
To this end, soluble M41 S1 was precomplexed with the Strep-tag 
II antibody, and binding to printed slides representing more than 
450 glycans (see Table S1 in the supplemental material) was 
detected using a fluorescein isothiocyanate (FITC)-conjugated 
secondary antibody. The binding profile revealed that M41 S1 
specifically recognized only one sialic acid-containing glycan: 
Neu5Aca2,3GalB1,3(NeuSAca2,3GalB1,4)-GlcNAc (Fig. 4; see 
also Table S1, column M41 S1). Although this «2,3-disialoside 
was the only substrate recognized, we cannot exclude the possi- 
bility that M41 S1 binding to respiratory tissues also involves other 
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FIG. 3. Histochemistry of M41 S1 and HSN1 HA on goose respi- 
ratory tissues. Spike and HA histochemistry was performed by incu- 
bating barnacle goose trachea and lung tissues with Strep-Tactin-pre- 
complexed M41 S1 (5 wg) or HSN1 HA (0.1 wg) as described in 
Materials and Methods. Binding is indicated by arrowheads. 
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FIG. 4. Glycan array analysis of M41 S1 and HSN1 HA. Recombi- 
nant M41 S1 and H5N1 HA proteins were precomplexed with Strep-tag 
antibodies and were then incubated on glycan array slides. Glycan 
numbers are given on the y axis; glycans are sorted according to the 
binding profile of HSN1 HA. The structure of the glycan recognized by 
M41 S1 (generated with GlycoWorkbench [10]) is depicted. The com- 
plete glycan array results, as well as the identities of all glycans, are 
shown in Table S1 in the supplemental material. RFU, relative fluo- 
rescence units. 


sialic acid-containing moieties that are not represented on the 
glycan array. 

Next, we compared the fine receptor specificity of M41 S1 
with that of IAV HA expressed in HEK293 GnTI cells, which 
are impaired in glycosylation, to mimic the in vivo situation 
most closely. The HA protein demonstrated binding to many 
different glycans (Fig. 4; see also Table S1 in the supplemental 
material, column H5N1 HA), consisting of type 1 and type 2 
chain glycans containing «2,3-linked sialic acids (as expected 
[27, 64]). Furthermore, the avidity of HA binding to glycans 
was much higher than that of M41 S1 binding (Fig. 4, compare 
relative fluorescence units [RFU] for IAV H5N1 HA versus 
M41 S1), in agreement with the observed differences in histo- 
chemistry. In conclusion, while M41 S1 has relatively low avid- 
ity for sialic acid-containing glycans, it has markedly high fine 
receptor specificity. 

Binding of IBV S1 proteins to chicken tissues reflects virus 
growth in vivo. Our spike histochemistry assay is a feasible 
assay with which to investigate the binding characteristics of 
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ochemistry. (A) Summary of the S1 amino acid sequences of M41, H120, 


Beaudette, and B1648. The percentages of amino acid similarity with the reference strain M41 and the reported pathogenicity profiles are shown. 
(B) S1 proteins expressed in HEK293T cells and purified from the culture medium were analyzed by SDS-PAGE, followed by Western blotting 
using Strep-Tactin. Where indicated, the samples were treated with PNGase F prior to electrophoresis. (C and D) Spike histochemistry was 
performed by applying similar amounts of precomplexed M41 S1, H120 S1, Beaudette $1, and B1648 S1 to sections of chicken trachea or lung 
tissue (C) or intestine or kidney tissue (D). Binding is indicated by arrowheads. 


the IBV spike protein. Therefore, we decided to expand our 
investigation by comparing the binding features of S1 proteins 
of IBV strains with differences in pathogenicity. We chose four 
IBV strains with reported differences in clinical symptoms in 
chickens as representative examples: in addition to the virulent 
Massachusetts strain M41 (14), we focused on the S1 proteins 
of the Massachusetts vaccine strain H120 (8), the avirulent and 
cell culture-adapted Massachusetts strain Beaudette (5), and 
the nephropathogenic strain B1648 (48, 51). Although the 
pathogenicity profiles of these strains differ markedly in vivo, 
their S1 proteins share 75 to 95% sequence identity (summa- 
rized in Fig. 5A). 

To allow the expression of their S1 proteins as soluble pro- 
teins, codon-optimized sequences of all S1 genes were cloned 
into the pCDS5 expression vector, and proteins were produced 
and purified in a manner similar to that described for M41 S1. 
The resulting proteins were analyzed by Western blotting using 


the Strep-Tactin antibody either before or after PNGase F 
treatment. All S1 proteins displayed similar electrophoretic 
mobilities, migrating at around 105 kDa in SDS-PAGE (Fig. 
5B), and they appeared to be glycosylated to a similar extent as 
M41 S1 (Fig. 5B, +PNGaseF). 

We then compared the binding characteristics of M41 S1 
with those of the related but avirulent S1 proteins of the 
Massachusetts strains H120 and Beaudette for the chicken 
respiratory tract. Both H120 and Beaudette are generated by 
serial passage (120 and at least 250 passages, respectively) in 
embryonated eggs and are considered nonpathogenic for 
chickens. However, while H120 is a widely used vaccine strain 
(8), Beaudette has almost completely lost its capacity to rep- 
licate in vivo (28). Spike histochemistry was performed by 
applying similar amounts of S1 proteins (5 jg per section). We 
observed that H120 S1 bound to the trachea and the lung with 
much lower avidity than M41 S1 (Fig. 5C). In particular, weak 
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staining of the cilia, but no binding to goblet cells, was ob- 
served in the trachea. In the lung, only minor staining of 
epithelial cells in the air capillaries could be detected. For 
Beaudette S1, no binding to the respiratory tract could be 
detected at all (Fig. 5C), even when a 5-fold-larger amount of 
protein was used (data not shown). In conclusion, the bind- 
ing avidities of the Massachusetts S1 proteins investigated 
correlate with the reported differences in virus growth of the 
respective IBVs in vivo. Furthermore, our data suggest that 
even a few mutations in the $1 gene, which have likely arisen 
by serial passage of IBV in eggs, can alter the binding avidity of S1 
proteins for chicken tissues. This was in line with our glycan array 
data, showing that both H120 S1 and Beaudette S1 lost their 
abilities to bind to NeuSAca2,3Gal61,3(NeuSAca2,3GalB1,4)- 
GlcNAc, without gaining specificity for other glycans (see Table 
S1 in the supplemental material, columns H120 S1 and Beaudette 
S1). Whether the binding of H120 to tissues, but not to the glycan 
array, is due to differences in the sensitivities of these assays or to 
the restricted representation of glycans on the array remains to be 
elucidated. 

Since IBV has been isolated from the intestine (53), and 
sialic acids are abundantly present in the gut (30), we next 
investigated the binding of S1 proteins to intestinal tissue. For 
both M41 S1 and H120 S1, binding mainly to mucus-producing 
goblet cells was observed (Fig. 5D). Noticeably higher avidity 
of H120 S1 for those cells was observed, as demonstrated by 
the higher intensity of staining when similar amounts of S1 
proteins were used. Likely, since IBV replication in the chicken 
gut usually does not result in clinically evident disease (15), the 
binding of H120 S1 to sialic acid-rich intestinal mucins might 
facilitate virus excretion via the feces. As with the respiratory 
tract, no binding of Beaudette S1 could be observed. 

Strikingly, in none of the tissues investigated could any ap- 
preciable binding of the more diverse B1648 S1 protein be 
detected (Fig. SC). Because IBV B1648, after respiratory in- 
fection, induces severe nephropathogenicity (51), we next de- 
cided to compare its binding to kidney tissue with that of M41. 
M41 replication in the kidney has been reported; however, this 
usually does not result in renal disease (7). In accordance with 
the fact that the cells support M41 replication in vivo (7), M41 
S1 showed clear binding to epithelial cells of the distal convo- 
luted tubules in the cortex and to thick segments of the med- 
ullary loops by histochemistry (Fig. 5D). Again, and unexpect- 
edly, no attachment of B1648 S1 to the kidney could be 
detected (Fig. 5D). 

Role of sialic acids in the attachment of the spike protein to 
tissues. While the Massachusetts S1 proteins have highly sim- 
ilar amino acid sequences, the S1 domain of B1648 is more 
divergent from M41 S1 than the others, with 75% rather than 
95% amino acid identity. One other remarkable observation 
made for several nephropathogenic strains is their poor hem- 
agglutination ability (S. de Wit, personal communication); 
while M41 can hemagglutinate red blood cells, the ability of 
nephropathogenic strains to do so seems to be severely ham- 
pered. Since the ability to hemagglutinate is affected by the 
presence of sialic acids on the virion, usually requiring pre- 
treatment with neuraminidase, we decided to investigate the 
contribution of sialic acids on S1 proteins to their binding to 
tissues. To this end, M41 and B1648 S1 proteins were treated 
with VCNA to remove sialic acids before spike histochemistry 
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FIG. 6. Spike histochemistry of neuraminidase-treated M41 S1 and 
B1648 S1 on chicken tissues. (A) S1 proteins of M41 and B1648 were 
pretreated with Vibrio cholerae neuraminidase before they were applied to 
chicken trachea, lung, intestine, and kidney slides. (B) Lectin histochem- 
istry using biotinylated MAA lectins on kidney tissues. (C) Kidney tissue 
was pretreated with VCNA to remove «2,3-linked sia before VCNA- 
treated B1648 S1 was applied. Binding is indicated by arrowheads. 


was performed. For M41 S1, treatment with VCNA resulted in 
complete loss of binding to epithelial and goblet cells of the 
respiratory tract, while only some residual staining, indicating 
binding to goblet cells of the intestine and to some medullary 
loops in the kidney, was observed (Fig. 6A). In contrast, after 
VCNA treatment, B1648 S1 acquired binding both to intestinal 
mucus-producing cells and to kidney tissue. In particular, this 
protein bound specifically to cells of the mucus-secreting col- 
lecting tubules and collecting ducts in the medulla (Fig. 6A); 
these cells did not bind M41 S1. Thus, while the sialic acids 
present on the M41 spike protein are required for binding, 
they actually appear to block the binding of B1648 S1 to tis- 
sues. Strikingly, VCNA-treated B1648 S1 did not bind to the 
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chicken respiratory tract (Fig. 6A), perhaps due to low avidity 
for host factors present on those cells. In a parallel experiment, 
we determined whether the presence of sialic acids on Beau- 
dette S1 also blocked its ability to bind to tissue slides. After 
VCNA treatment of this S1 protein, however, no gain of bind- 
ing to any of the tissues was observed (data not shown). 

To further elucidate the nature of the binding ligands of 
B1648 S1, we first compared the binding of VCNA-treated 
B1648 with MAA lectin staining of the chicken kidney. MAAT 
displayed strong binding to convoluted tubes and collecting 
tubules, but binding to glomeruli and medullary loops was also 
observed (Fig. 6B). MAAII binding was more specific for con- 
voluted tubules in the cortex and collecting ducts and tubules, 
thus resembling the binding of B1648 S1 to the kidney more 
closely than MAAIT binding. Subsequent blocking of kidney 
slides with unlabeled MAAITI before application of the VCNA- 
treated B1648 protein showed that 264 pg/ml MAAITI was 
required to completely block the binding of B1648 S1 (data not 
shown), indicating again that this spike protein could serve as 
a lectin. To confirm the involvement of «2,3-sia in B1648 S1 
binding, kidney slides were pretreated with VCNA before the 
application of VCNA-pretreated B1648 S1. The lack of bind- 
ing after treatment (Fig. 6C) clearly demonstrated that attach- 
ment was «2,3-sia dependent. Finally, the specific glycan bind- 
ing profile of VCNA-treated B1648 S1 was investigated by 
glycan array. Unfortunately, no specific binding to any of the 
glycans present on the array could be detected (see Table S1 in 
the supplemental material, column B1648 S1 + VCNA). Not- 
withstanding, our data provide evidence to explain the re- 
ported differences in the tissue tropisms and pathogenicities of 
those viruses for the host. 


DISCUSSION 


In this study we have used a comparative approach to inves- 
tigate the binding characteristics of the S1 protein of avian 
coronavirus IBV strains with reported differences in both or- 
gan tropism and pathogenicity. Spike histochemistry demon- 
strated that the attachment patterns of S1 proteins resembled 
the reported cell and tissue tropisms of the corresponding 
strains. Moreover, the binding affinities of IBV Massachusetts 
strains correlated with their reported pathogenicity profiles in 
vivo. Finally, the observed differences in the binding of IBV S1 
and the HA protein of influenza virus HSN1 to various avian 
tissues and glycans resemble the distinct preferences of these 
viruses for avian hosts. 

Sialic acids are important for establishing an IBV infection 
in cells in vitro (1, 68, 69); however, the exact requirements for 
this interaction had not been elucidated until now. Here we 
have demonstrated that the IBV spike protein interacts, in a 
sialic acid-dependent way, with tissues of a susceptible host. In 
particular, all binding S1 proteins used «2,3-sialylated sub- 
strates, as evidenced by the fact that attachment could be 
inhibited by pretreating the slides with VCNA or by preincu- 
bating them with MAA lectins, which preferentially bind to 
«2,3-sialidated oligosaccharides. «2,3-Sialic acids are present 
in the chicken trachea (26, 52), the lower respiratory tract (1), 
the intestine (52), and the kidney (this study); however, inter- 
pretation of lectin histochemistry data is difficult due to differ- 
ences in the binding of MAA isoforms and lectins from differ- 
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ent suppliers (49; our data). Thus, although lectin 
histochemistry is widely used to gain insight into virus-host 
interactions, it appears limited in determining fine glycan spec- 
ificity. With the recently developed glycan microarray technology, 
receptor specificities can be studied in more detail (9, 63); this 
technology allowed us to identify one particular «2,3-disialylated 
glycan as a fine receptor ligand of M41 S1. It will be of interest to 
test whether this glycan has the ability to block IBV infection. To 
our knowledge, no studies have yet analyzed specific N-linked 
glycan modifications in avian tissues, except for the chorioallan- 
toic and amniotic cells of embryonated eggs (61), from which the 
disialoside identified in this study was not reported. To ultimately 
correlate the host and tissue tropisms of IBV with the tissue 
distribution of specific glycans, a better understanding of avian 
glycobiology is required. 

Although IBV and avian influenza virus both prefer binding 
to «2,3-linked sialic acids, their host tropisms are markedly 
different. While IBV has a very narrow species tropism, infect- 
ing only chickens, avian influenza virus infects many different 
avian species. In contrast to IAV, IBV does not contain neur- 
aminidase activity to regulate in vivo binding (58). Therefore, it 
must have evolved other mechanisms to avoid being trapped by 
mucins covering the epithelium. When the affinities of IBV S1 
and HA derived from IAV H5N1 (which possesses neuramin- 
idase activity to cleave off bound sialic acids in vivo) were 
compared, the relatively low avidity of S1 became evident (69; 
this study [10-fold-lower avidity in the glycan array and 50-fold- 
lower avidity by histochemistry]). Furthermore, glycan array 
analyses indicate that M41 S1 has a high specificity for glycans; 
it bound to only one distinct «2,3-disialylated N-glycan, while 
HA recognized many different «2,3-linked sialic acids (27, 64; 
this study). Therefore, we suggest that the low avidity and high 
specificity of IBV S1 for sialic acids might contribute to the 
restricted host tropism of IBV. 

Our data suggest that sialic acid binding of the $1 domain of 
IBV may be a determinant for the in vivo growth and tropism 
of IBV. Although sialic acid binding appears to be a conserved 
feature of IBV (1, 68, 69; this study), differences in avidity and 
preferences for specific sialoconjugates explain, at least partly, 
the observed in vivo pathotypes. While the observed differ- 
ences in binding are in agreement with the reported growth 
differences of IBV strains in vivo, strikingly, only minor differ- 
ences between virus strains have been reported in TOCs (19, 
33, 68). This discrepancy between S1 binding and TOC infec- 
tion may be due to the differences in the sensitivities of these 
assays, since low-avidity binding to sialic acids might be suffi- 
cient to establish a TOC infection but below the detection limit 
of our assay. Otherwise, other viral proteins may contribute to 
TOC infection. In particular, a role for the $2 domain of 
Beaudette is proposed, since its extended tropism in vitro has 
been associated with a predicted heparin-binding site in this 
domain (46), and no binding of Beaudette S1 to cultured cells 
known to be sensitive to Beaudette could be observed (data 
not shown). We are currently developing a full-length spike 
expression system in order to investigate whether this domain 
contributes to binding to cells. Despite the differences in the 
assays, our data indicate that limited amino acid changes (M41, 
H120, and Beaudette are 95% identical) are sufficient to 
change the avidity of binding to tissues and glycans. For HSN1, 
a few amino acid mutations in the hemagglutinin appeared to 
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be sufficient to change the attachment pattern (18) and sialic 
acid preference (23, 66). Whether IBV strains with altered 
sialic acid preferences will evolve remains to be seen. 

A role for the spike protein in determining IBV tissue and 
host tropism has been suggested previously, since egg-adapted 
viruses, which are attenuated in adult chickens, accumulate 
mutations predominantly in the spike protein (3, 24, 45). The 
role of the spike in determining tropism is further underscored 
in studies reporting that spike mutations due to selective pres- 
sure in various adult chicken tissues cause a phenotypic shift 
(25) or reversion to virulence of vaccine strains (34, 47, 67). 
However, since these viruses accumulated mutations not only 
in the spike but also in other parts of the viral genome, the 
exact role of the spike protein in determining tropism and 
pathogenicity remains to be elucidated. Other studies indeed 
suggest that the S1 domain is not the only viral determinant of 
the clinical outcome. It has been shown that the presence of 
the virulent M41 spike ectodomain was not sufficient to confer 
pathogenicity on a recombinant Beaudette virus in vivo (33) 
but that the IBV replicase proteins contribute to the pathoge- 
nicity of IBV in chickens (4). 

Interestingly, while removal of sialic acids from the S protein 
derived from nephropathogenic IBV was required for tissue 
binding, the same treatment of the M41 and H120 S proteins 
abolished binding; for Beaudette, the presence of sialic acids 
on the spike appeared not to be the reason for the lack of 
binding. This discrepancy is puzzling, and rather unexpected, 
since the glycosylation of all S1 expressed proteins seemed to 
be comparable (Fig. 5B). Although the possibility cannot be 
formally excluded, we do not consider it very likely that our 
results would be much affected by the expression system used, 
since avian and mammalian cells synthesize glycoproteins car- 
rying very similar oligosaccharides (2). Perhaps there are yet 
unresolved differences in glycosylation and/or sialylation of the 
S1 proteins of various IBV strains that are involved in provid- 
ing a proper conformation for binding to cells (39). While all 
S1 proteins investigated contain 18 potential N-glycosylation 
sites, two of these sites are located farther upstream in B1648 
S1 than in the other S1 proteins. If these sites are occupied, the 
glycan might block the receptor binding site of B1648 when 
sialylated. It might well be, also, that the respective sialic acid 
binding sites of the various IBV S1 proteins differ, with con- 
comitant changes in binding characteristics. Since the receptor 
binding domain for IBV has not been identified yet, this pos- 
sibility awaits further investigation. 

For several other coronaviruses, a contribution of sialic acid 
binding to pathogenicity has been reported previously. The 
enteropathogenicity of transmissible gastroenteritis virus 
(TGEV) in piglets (40, 41) has been associated with the pres- 
ence of sialic acid binding sites in the spike (56), whereas the 
serologically related porcine respiratory coronavirus (PRCV), 
devoid of such binding sites, lacked the ability to cause enteric 
disease. In striking contrast to IBV and TGEV, other corona- 
viruses that bind sialic acids, for example, bovine coronavirus 
(BCoV) and some mouse hepatitis coronavirus (MHYV) strains, 
do contain acetylesterase (HE) activity to regulate their sialic 
acid binding in vivo (reviewed in reference 57). For these 
viruses, temperature-dependent HE activity (BCoV [44]) and 
levels of HE expression (MHV [72]) seemed to correlate with 
preferred virus replication sites in vivo and pathogenicity. 
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In conclusion, our study revealed intriguing differences be- 
tween the spike characteristics of IBV strains with different patho- 
genicities and showed that IBV S1 attachment patterns can be 
used to predict and explain viral tropism. Our S1 proteins are 
excellent tools for the further dissection of spike-host interactions 
and for the elucidation of parallels and differences between IBV 
strains, but also between other avian viruses, as demonstrated 
here by the HA protein binding of avian influenza virus H5N1. 
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